Introduction {#s1}
============

Myeloid dendritic cells (DCs) are potent antigen presenting cells that monitor their immediate environment for invading pathogens. The ability of these sentinel DCs to sample and process antigen, and present processed antigen to naïve T cells is critical to the development of effective adaptive immune responses. HIV, in turn, has evolved to evade antigen presentation pathways and exploit DC biology to facilitate its dissemination within the infected host. DC-dependent HIV-1 trans infection of CD4^+^ T cells is an efficacious HIV dissemination mechanism [@ppat.1003291-Cameron1], [@ppat.1003291-McDonald1] that has been hypothesized to provide virus particles evasion from host innate and adaptive immune responses [@ppat.1003291-Wu1]. HIV-1 capture by DCs and access to the DC-dependent trans infection pathway has long been thought to be exclusively dependent on the interactions of the mannosylated virus envelope glycoprotein gp120 with C-type lectin receptors (CLRs) [@ppat.1003291-Turville1], such as dendritic cell-specific intercellular adhesion molecule-3-binding nonintegrin (DC-SIGN) [@ppat.1003291-Geijtenbeek1]. In addition to HIV-1 capture, virus targeting to tetraspanin protein positive non-lysosomal compartments that allow for virus persistence and evasion from lysosomal degradation pathways in DCs [@ppat.1003291-Garcia1], [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Yu1] has also been reported to be dependent on DC-SIGN [@ppat.1003291-Engering1], [@ppat.1003291-Kwon1].

In contrast, knock-down of DC-SIGN expression in DCs using shRNAs [@ppat.1003291-Boggiano1], or blocking DC-SIGN function using neutralizing antibodies [@ppat.1003291-GranelliPiperno1], [@ppat.1003291-Gummuluru1] have failed to attenuate DC-mediated HIV-1 capture or trans infection. Furthermore, while DCs upon maturation downregulate cell surface expression of DC-SIGN and CLRs, HIV-1 capture and trans infection efficiency is dramatically enhanced upon maturation over that observed with immature DCs [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Hatch1], [@ppat.1003291-Wang1]. Interestingly, capture of HIV-1 particles by DCs can occur in a gp120-independent manner, and this virus capture mechanism is also enhanced upon maturation of DCs [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Hatch1]. Furthermore, capture of gp120-deficient virus-like particles by mature DCs can result in localization within non-lysosomal compartments and trafficked to DC -- T cell infectious synapses upon initiation of T cell contacts [@ppat.1003291-IzquierdoUseros1]. These findings highlight the existence of a virus particle associated host encoded HIV-1 capture mechanism in DCs.

In addition to gp120, HIV-1 particles also incorporate host cell derived constituents in their lipid bilayer. Assembly of HIV-1 particles within plasma membrane lipid rafts [@ppat.1003291-Nguyen1], [@ppat.1003291-Ono1] results in production of virions with a unique surface exposed host cell derived proteome and lipidome [@ppat.1003291-Chan1], [@ppat.1003291-Chertova1], [@ppat.1003291-Brugger1]. Interestingly, selective depletion of virion-associated glycosphingolipids (GSLs), either by targeting GSL biosynthesis pathways by small molecule inhibitors [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Hatch1] or by siRNAs targeting GSL biosynthetic enzymes in virus producer cells [@ppat.1003291-Puryear1] can attenuate gp120-independent capture of HIV-1 particles by mature DCs. In support of this hypothesis, we and others, have recently demonstrated that gp120-independent capture of HIV-1 by DCs is dependent on the expression of the ganglioside, GM3 (α2,3-sialylated GSL) in the virus particle membrane [@ppat.1003291-Puryear1], [@ppat.1003291-IzquierdoUseros2]. The data presented in this report demonstrate that the IFNα-inducible sialic-acid-binding immunoglobulin-like lectin (Siglec-1), CD169, is the receptor that mediates the gp120-independent, GM3-dependent interaction of HIV-1 with DCs and defines a novel molecular mechanism (virus particle associated GM3 binding by CD169) by which HIV-1 transits through the DC to arrive at the infectious synapse and may provide a novel conserved host-derived target (GM3 -- CD169 interaction) for intervention strategies.

Results {#s2}
=======

DCs Express CD169 Whose Expression Is Enhanced upon Stimulation with IFN-α {#s2a}
--------------------------------------------------------------------------

To identify the DC-receptor required for GM3-dependent HIV-1 capture, primary peripheral blood CD14^+^ monocytes, immature DCs, and DCs activated with TLR2 (Pam~3~CysK~4~), TLR3 (poly(I:C)), or TLR4 (E. coli LPS) agonists, or stimulated with the cytokines, IFNα or TNFα were tested for their ability to capture Env-deficient HIV-1 Gag-eGFP virus like particles (VLPs). While monocytes failed to capture VLPs, differentiation of monocytes into DCs resulted in a low level of VLP capture ([Figure 1A](#ppat-1003291-g001){ref-type="fig"}). Furthermore, stimulation of immature DCs with TLR3 or TLR4 agonists dramatically enhanced VLP capture ([Figure 1A](#ppat-1003291-g001){ref-type="fig"}), similar to the previously observed maturation induced enhancement in infectious virus capture by DCs [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Hatch1], [@ppat.1003291-Wang1]. But surprisingly, activation of DCs with Pam~3~CysK~4~ (TLR2 agonist) resulted in no appreciable increase in VLP capture over that observed with immature DCs ([Figure 1A](#ppat-1003291-g001){ref-type="fig"}). While signaling downstream of all TLRs is conceptually similar and can result in maturation of DCs, individual TLRs trigger different signal transduction pathways with the key distinction being that TLR3 and TLR4 signaling can induce both pro-inflammatory and type I IFN responses via a TRIF-dependent pathway while TLR2 receptors induce only a pro-inflammatory response [@ppat.1003291-Barton1]. Interestingly, direct exposure of immature DCs to IFNα alone but not TNFα, resulted in a similar level of VLP capture to that observed with LPS or poly(I:C)-stimulated DCs ([Figure 1A](#ppat-1003291-g001){ref-type="fig"}), suggesting HIV-1 capture by DCs is dependent on the presence of an IFNα-inducible factor.

![Dendritic cell activation by TRIF-dependent TLR ligands or IFNα induces CD169 expression and enhances HIV-1 capture.\
A. Capture of VLPs by monocytes, immature DCs or DCs matured with Pam~3~Cysk~4~, poly(I:C), LPS, IFNα, or TNFα was determined by FACS and is reported as relative capture by cells normalized to that observed with monocytes (mean ± SD). B. Representative expression of DC-SIGN and CD169 on monocytes, immature DCs (day 6 post differentiation), or DCs matured with LPS (last 2 days of differentiation). For each day, cells were gated based on staining with isotype. QFACS measurement of cell surface CD169 (C) and DC-SIGN (D) on immature and LPS-matured DCs. Shown are the average number of ABS per cell (mean ± SD). E. Relative cell surface expression of CD169 on immature DCs or DCs matured with Pam~3~Cysk~4~, poly(I:C), LPS, IFNα, or TNFα normalized to that observed with monocytes (set as 1), (mean MFI ± SD). The data is from cells derived from 3 independent donors and experiments performed in triplicate.](ppat.1003291.g001){#ppat-1003291-g001}

We and others have demonstrated that capture of HIV-1 by LPS-matured DCs is dependent on virion incorporation of terminal α2,3-sialylated GSL, GM3 [@ppat.1003291-Puryear1], [@ppat.1003291-IzquierdoUseros2]. Interestingly, this IFN-inducible, GSL-dependent capture mechanism of VLPs was specific to myeloid cells and was exquisitely sensitive to proteolytic cleavage of DC surface expressed proteome (Supplementary [Figure S1](#ppat.1003291.s001){ref-type="supplementary-material"}). The sialoadhesin, Siglec1 or CD169, a member of the sialic acid binding immunoglobulin superfamily of lectins [@ppat.1003291-Crocker1], is a type I IFN-inducible myeloid cell specific protein, with binding specificity for gangliosides that contain terminal α2-3 linked terminal sialic acid residues, such as GM3 [@ppat.1003291-Hartnell1]. While peripheral blood CD14^+^ monocytes do not express CD169 ([Figure 1B](#ppat-1003291-g001){ref-type="fig"}), expression on monocytes can be induced upon exposure to IFNα in vitro and in vivo [@ppat.1003291-Rempel1], [@ppat.1003291-York1], [@ppat.1003291-Biesen1]. Interestingly, some studies have also reported inducible expression of CD169 on DCs in vitro [@ppat.1003291-Kirchberger1]. We sought to determine if peripheral blood monocyte-derived DCs express CD169 and whether CD169 functions as the DC receptor responsible for GSL-dependent capture of HIV-1. Differentiation of monocytes to immature DCs resulted in a low level of CD169 expression by day 6 post-initiation of differentiation (∼25,000 ABS/cell; [Figure 1B and C](#ppat-1003291-g001){ref-type="fig"}), with a dramatic enhancement in cell surface CD169 expression upon subsequent stimulation with LPS (∼125,000 ABS/cell; [Figure 1B and C](#ppat-1003291-g001){ref-type="fig"}). In contrast cell surface expression of DC-SIGN was inversely correlated with VLP capture phenotype, in that immature DCs expressed high levels of DC-SIGN (\>2,000,000 ABS/cell; [Figure 1B and D](#ppat-1003291-g001){ref-type="fig"}), while cell surface DC-SIGN expression was downregulated upon maturation with LPS (∼600,000ABS/cell; [Figure 1B and D](#ppat-1003291-g001){ref-type="fig"}). It should be noted that measurement of cell surface DC-SIGN expression by QFACS is an approximation, since DC-SIGN ABS values fell beyond the linear range of the standards employed in the assay, and, hence were derived via extrapolation of the standard curve beyond the highest standard (300,000 ABS). Interestingly, in strict correlation with the observed type I IFN-dependent enhancement of VLP capture by DCs ([Figure 1A](#ppat-1003291-g001){ref-type="fig"}), enhancement of CD169 expression was only observed upon stimulation of immature DCs with poly(I:C), LPS or IFNα but not with Pam~3~CysK~4~ or TNFα ([Figure 1E](#ppat-1003291-g001){ref-type="fig"}),

Blocking CD169 on DCs Attenuates HIV-1 Capture and Trans Infection {#s2b}
------------------------------------------------------------------

To determine if capture of HIV-1 by mature DCs is dependent on CD169 specifically, immature DCs were transduced with lentivectors expressing CD169-specific shRNA, DC-SIGN-specific shRNA or scrambled control shRNA prior to initiation of maturation with LPS. CD169 expression was effectively suppressed upon transduction with CD169-shRNA (∼80% decrease in cell surface CD169 expression; ([Figure 2A](#ppat-1003291-g002){ref-type="fig"} and Supplementary [Figure S2A](#ppat.1003291.s002){ref-type="supplementary-material"}, C), while DC-SIGN cell surface expression was downregulated (∼50%) upon transduction with DC-SIGN shRNA ([Figure 2B](#ppat-1003291-g002){ref-type="fig"}, and Supplementary [Figure S2B](#ppat.1003291.s002){ref-type="supplementary-material"}, D), though transduction with either shRNA had negligible impact on cell surface expression of CD86 ([Figure 2C](#ppat-1003291-g002){ref-type="fig"}). Interestingly, knock-down of CD169 expression on DCs robustly inhibited capture of VLPs ([Figure 2D](#ppat-1003291-g002){ref-type="fig"}), Env-deficient HIV-1 ([Figure 2E](#ppat-1003291-g002){ref-type="fig"}), or infectious HIV-1 particles ([Figure 2F](#ppat-1003291-g002){ref-type="fig"}), while decrease in DC-SIGN had negligible impact on virus capture by mature DCs ([Figure 2D, E and F](#ppat-1003291-g002){ref-type="fig"}).

![CD169 mediates HIV-1 capture and trans infection by DCs.\
Representative FACS analysis of CD169 (A), DC-SIGN (B), or CD86 (C) expression on DCs transduced with lentivectors expressing scrambled sequence, CD169 or DC-SIGN shRNAs. Relative capture by DC-SIGN or CD169 shRNA expressing DCs to that observed with scrambled shRNA expressing DCs of HIV Gag-eGFP VLPs (D), HIV/Lai-iGFPΔenv (E), and HIV/Lai-iGFP (F) is reported. DC mediated HIV/Lai capture (G) and transfer to autologous CD4^+^ T cells (H) ± isotypes or nAbs against CD169, DC-SIGN, or both. Shown is the average ± SD of cells derived from at least 4 donors (A through F) or one of two experiments done in triplicate (G and H).](ppat.1003291.g002){#ppat-1003291-g002}

To achieve high efficiency transduction of immature DCs with shRNA expressing lentivectors, pretreatment with SIV~mac~ Vpx containing VLPs was required that resulted in low level of DC maturation (data not shown). Hence, we utilized neutralizing antibodies (nAb) to define the role of CD169 in HIV-1 capture by immature and mature DCs. Pre-exposure to α-CD169 nAb alone blocked virus capture ([Figure 2G](#ppat-1003291-g002){ref-type="fig"}) and trans infection to autologous CD4+ T cells ([Figure 2H](#ppat-1003291-g002){ref-type="fig"}) by immature and mature DCs, while α-DC-SIGN nAb alone had modest inhibitory effects in immature DCs and failed to block HIV-1 capture by mature DCs ([Figure 2G and H](#ppat-1003291-g002){ref-type="fig"}), consistent with previously published results [@ppat.1003291-Boggiano1], [@ppat.1003291-GranelliPiperno1], [@ppat.1003291-Gummuluru1], [@ppat.1003291-Baribaud1]. While pre-incubation with a combination of α-DC-SIGN and α-CD169 nAbs completely abrogated HIV-1 capture and trans infection by immature DCs, there was no additional attenuation observed with the combination of α-DC-SIGN and α-CD169 antibodies to that observed with α-CD169 antibody alone in mature DCs ([Fig. 2G and H](#ppat-1003291-g002){ref-type="fig"}). Though DCs also express additional Siglecs, such as Siglec-7 and -9 with specificity for α2-8 and α2-3 sialic acid containing glycans, respectively [@ppat.1003291-Crocker1], capture of VLPs by mature DCs was only inhibited upon pre-incubation with CD169 nAb but not α-Siglec-7 or α-Siglec-9 nAbs, even upon desialylation of DC surface (Supplementary [Figure S3](#ppat.1003291.s003){ref-type="supplementary-material"}), that can result in unmasking of sialic acid binding sites on Siglecs [@ppat.1003291-Crocker1]. These results suggest that CD169 is largely responsible for DC-mediated HIV capture and trans infection.

Co-localization of CD169 and HIV-1 Particles within DCs and at the DC -- T Cell Infectious Synapse {#s2c}
--------------------------------------------------------------------------------------------------

Capture of HIV-1 by mature DCs can result in sequestration of virus particles in teraspanin positive non-lysosomal compartments, that might be connected to the DC surface by deep membrane invaginations, and transferred to T cells upon initiation of DC -- T cell contacts [@ppat.1003291-McDonald1], [@ppat.1003291-Garcia1], [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Yu1], [@ppat.1003291-Felts1]. To determine if CD169 mediates HIV-1 trafficking to DC -- T cell infectious synapses, cell surface distribution of CD169 on mature DCs was determined by confocal microscopy. While CD169 distribution on mature DCs displayed punctate staining in the absence of virus ([Figure 3A](#ppat-1003291-g003){ref-type="fig"}), there was clear evidence of redistribution of the receptor within 10 min of exposure to HIV Gag-mCherry VLPs, with 27% of CD169 associated with virus particles ([Figure 3B](#ppat-1003291-g003){ref-type="fig"}). By 120 min post exposure, CD169 underwent a dramatic polarization ([Figure 3C](#ppat-1003291-g003){ref-type="fig"}) that resulted in 81% of CD169 co-localized with VLPs at the DC -- T cell infectious synapse ([Figure 3D](#ppat-1003291-g003){ref-type="fig"}). HIV Gag-mCherry VLPs showed nearly 45% co-localization with CD169 by 10 min post exposure ([Figure 3B](#ppat-1003291-g003){ref-type="fig"}), and increasing after 2 h of virus exposure to 70% or 84% in the absence ([Figure 3C](#ppat-1003291-g003){ref-type="fig"}) or presence ([Figure 3D](#ppat-1003291-g003){ref-type="fig"}) of autologous CD4^+^ T cells, respectively. We verified similar patterns of co-localization between CD169 and infectious virus particles (Lai-iGFP) and again observed the spatial concentration coincident between CD169 and viral particles within 2 h post virus exposure (Supplementary [Figure S4A and B](#ppat.1003291.s004){ref-type="supplementary-material"}).

![Captured HIV-1 particles co-localize with CD169 on DCs.\
Mature DCs were either (A) mock infected or exposed to Gag-mCherry VLP for (B) \<10 minutes, (C) 120 minutes, or (D) 60 minutes with an additional 60 minute co-culture with autologous CD4^+^ T cells. Representative deconvolved maximum intensity images are shown. Top row = Gag-mCherry (red), second row = CD169 (green), third row = composite images (T cells in blue), bottom row = bright-field. Co-localization is reported as the average Mander\'s coefficient ± SD. M1 = ratio of Gag-mCherry associated with CD169, M2 = ratio of CD169 that has associated Gag-mCherry.](ppat.1003291.g003){#ppat-1003291-g003}

While CD169 has been hypothesized to phagocytose sialylated pathogens [@ppat.1003291-Delputte1], mechanism of endocytosis remains unclear. Interestingly, HIV-1 particles were trafficked to non-lysosomal compartments at the cell periphery, since no co-localization was observed between VLPs and endosomal markers, EEA1 and LAMP1 (Supplementary [Figure S4D and E](#ppat.1003291.s004){ref-type="supplementary-material"}), nor between VLPs and cell surface proteins CD9 and CD45, at 10 min or 120 min post virus exposure (Supplementary [Figure S4C](#ppat.1003291.s004){ref-type="supplementary-material"}, F and G). These results suggest that interaction of HIV-1 particles with CD169 on mature DC surface leads to virus particle localization at the cellular periphery that might correspond to the previously described deep plasma membrane invaginations [@ppat.1003291-Yu1], [@ppat.1003291-Felts1] and upon initiation of DC -- T cell contacts, trafficked to the DC -- T cell infectious synapse.

CD169 Is the HIV-1 Trans Infection Factor on Inflammatory and Myeloid DCs {#s2d}
-------------------------------------------------------------------------

Even though IL-4/GM-CSF pathway of DC differentiation from peripheral blood monocytes is an efficient in vitro method to generate immature DCs [@ppat.1003291-Sallusto1], IL-4 is an anti-inflammatory cytokine [@ppat.1003291-Nelms1] and high levels of IL-4 are unlikely to be present during host response to acute virus infections. In contrast, during acute SIV infection, a rapid influx of type I IFN-producing plasmacytoid DCs into the genital mucosa has been noted [@ppat.1003291-Li1]. Furthermore, under conditions of chronic immune activation as a consequence of a compromised gut epithelial barrier, a hallmark of HIV-1 infection in vivo, a low-level of circulating type I IFNs has been observed [@ppat.1003291-Sandler1]. Such inflammatory conditions provide strong signals for rapid influx and differentiation of monocytes into tissue inflammatory DCs [@ppat.1003291-Shi1], [@ppat.1003291-Krutzik1], [@ppat.1003291-Naik1], [@ppat.1003291-Randolph1]. Interestingly, peripheral blood CD14^+^ monocytes stimulated with IFNα and GM-CSF are differentiated into inflammatory DCs (referred to as IFN-DCs) that can successfully prime naïve T cells and bias the T helper response towards a Th1 type [@ppat.1003291-Paquette1], [@ppat.1003291-Santini1]. We sought to determine the interactions of HIV-1 particles with DCs differentiated from monocytes under pro-inflammatory conditions. Interestingly, IFN-DCs expressed high levels of CD169 (150,060±49,827 ABS/cell) but not DC-SIGN (20,298±16,147 ABS/cell) ([Figure 4A](#ppat-1003291-g004){ref-type="fig"} and Supplementary [Figure S5A](#ppat.1003291.s005){ref-type="supplementary-material"}), in contrast to DCs differentiated in the presence of IL-4 and GM-CSF for 3 days (IL4-DCs) that expressed high levels of DC-SIGN (1,848,000±364,359 ABS/cell) with little to no expression of CD169 (20,040±3,604 ABS/cell) ([Figure 4B](#ppat-1003291-g004){ref-type="fig"} and Supplementary [Figure S5B](#ppat.1003291.s005){ref-type="supplementary-material"}). While there was some variation in the expression of CD169 and DC-SIGN between donors, these two DC populations provided phenotypically distinct subtypes that expressed either CD169 or DC-SIGN.

![CD169 is the GSL-dependent HIV-1 attachment factor on inflammatory DCs necessary for virus capture and trans infection.\
Representative FACS analysis of CD169 (A) and DC-SIGN (B) expression on IFN-DCs or IL-4 DCs. The shaded histograms represent isotype controls. Capture of untreated (NT) or GSL-depleted (PDMP) HIV Gag-eGFP VLPs by DCs was determined by FACS (C). Capture of untreated (NT) or GSL-depleted (PDMP) HIV/Lai-Bal (D) or virus capture in the presence of isotype or α-CD169 (10 µg/ml) nAb (E) was determined by measuring cell-associated p24^gag^. HIV/Lai-Bal (±PDMP) replication in DCs, CD4^+^ T cells, or DC -- T cell co-cultures was determined by measuring p24^gag^ in supernatants harvested 2 days post infection (F). Average ± SD of one of 3 independent experiments done in triplicate.](ppat.1003291.g004){#ppat-1003291-g004}

CD169^+^ IFN-DCs, but not DC-SIGN^+^ IL4-DCs captured VLPs in a dose-dependent manner ([Figure 4C](#ppat-1003291-g004){ref-type="fig"}). Furthermore, depletion of GSLs from virus particles via PDMP (competitive inhibitor of glucosylceramide synthase) treatment of virus producer cells (Supplementary [Figure S6](#ppat.1003291.s006){ref-type="supplementary-material"}) [@ppat.1003291-Hatch1], resulted in attenuation of capture of both VLPs and HIV/Lai-Bal virus particles by IFN-DCs ([Figure 4C and D](#ppat-1003291-g004){ref-type="fig"}). Interestingly, capture of VLPs and HIV/Lai-Bal particles by DC-SIGN^+^ IL4-DCs was significantly lower in comparison to that exhibited by CD169^+^ IFN-DCs ([Figure 4C and D](#ppat-1003291-g004){ref-type="fig"}). Cellular source of virus has been hypothesized to play a significant role in the ability of HIV-1 particles to interact with DC-specific attachment factors [@ppat.1003291-Hatch1], [@ppat.1003291-Lin1], [@ppat.1003291-deWitte1]. The virus producer cell phenotype had no impact, since capture of HIV/Lai-Bal derived from either HEK293T cells or PBMCs by IFN-DCs was dependent on GSLs ([Figure 4D](#ppat-1003291-g004){ref-type="fig"} and Supplementary [Figure S7](#ppat.1003291.s007){ref-type="supplementary-material"}), in a CD169-dependent manner ([Figure 4E](#ppat-1003291-g004){ref-type="fig"}). Even though IFN-DCs expressed CD4 and CCR5 (Supplementary [Figure S5A](#ppat.1003291.s005){ref-type="supplementary-material"}), these cells were refractory to productive infection ([Figure 4F](#ppat-1003291-g004){ref-type="fig"}). Rather, captured particles were transferred to autologous CD4^+^ T cells, with a greater efficiency than IL4-DCs ([Figure 4F](#ppat-1003291-g004){ref-type="fig"}), and with a stringent requirement for GSLs in the virus particle membrane ([Figure 4F](#ppat-1003291-g004){ref-type="fig"}).

In addition to monocyte-derived DCs, we sought to determine if CD169 dependent interactions of DCs with HIV are also conserved in circulating blood DCs. since previous studies have demonstrated DC-SIGN or CLR-independent capture and trans infection of HIV-1 by these cells [@ppat.1003291-IzquierdoUseros3], [@ppat.1003291-Turville2]. BDCA1^+^ myeloid DCs directly isolated from PBMCs expressed CD169 ([Figure 5A](#ppat-1003291-g005){ref-type="fig"}), and expression of CD169 was enhanced upon stimulation with IFNα ([Figure 5B](#ppat-1003291-g005){ref-type="fig"}). Capture of VLPs ([Figure 5C](#ppat-1003291-g005){ref-type="fig"}), Env-deficient, or infectious HIV-1 particles ([Figure 5D](#ppat-1003291-g005){ref-type="fig"}) by myeloid DCs was also increased upon IFNα stimulation, while challenge with GSL-depleted particles ([Figure 5E](#ppat-1003291-g005){ref-type="fig"}) or pre-incubation with α-CD169 nAb ([Figure 5F](#ppat-1003291-g005){ref-type="fig"}) attenuated capture. These results suggest that HIV capture and access to the trans infection pathway by both inflammatory and myeloid DCs is dependent on the expression of CD169 on the cell surface and GSLs in the virus particle membrane.

![Peripheral blood myeloid DCs require CD169 for HIV-1 capture.\
CD169 expression was determined for (A) untreated and (B) IFNα matured myeloid DCs by FACS. Shaded histograms represent unstained cells. Capture of HIV Gag-eGFP VLPs (C) and HIV/Lai or HIV/LaiΔenv (D) by untreated (NT) or IFNα-exposed myeloid DCs was determined by FACS and ELISA, respectively. Capture of GSL-depleted (PDMP) or untreated HIV/Lai particles (E) in the presence of isotype or α-CD169 nAb (F) by IFNα exposed myeloid DCs was determined by measuring cell-associated p24^gag^. Average ± SD of one of three independent experiments done in triplicate.](ppat.1003291.g005){#ppat-1003291-g005}

Constitutive Expression of CD169 in Receptor-Naïve Cells Rescues Env-independent-HIV-1 Capture and Trans Infection {#s2e}
------------------------------------------------------------------------------------------------------------------

To determine if CD169 expression alone is sufficient for mediating HIV-1 capture and trans infection, CD169-deficient Raji B cells were engineered to constitutively express CD169 ([Figure 6A](#ppat-1003291-g006){ref-type="fig"}). While parental Raji cells did not bind Env-deficient HIV-1 particles ([Figure 4B](#ppat-1003291-g004){ref-type="fig"}) [@ppat.1003291-Geijtenbeek1], [@ppat.1003291-Wu2], CD169 expression rescued the ability of these cells to capture VLPs ([Figure 6B](#ppat-1003291-g006){ref-type="fig"}), and Env-deficient or infectious HIV-1 particles ([Figure 6C](#ppat-1003291-g006){ref-type="fig"}). Furthermore, exogenous expression of CD169 on Raji cells resulted in efficient capture of HEK293T ([Figure 6D](#ppat-1003291-g006){ref-type="fig"}) and PBMC-derived virus particles ([Figure 6E](#ppat-1003291-g006){ref-type="fig"}), and capture efficiency was significantly attenuated upon GSL depletion from virus particle membrane ([Figure 6D and E](#ppat-1003291-g006){ref-type="fig"}). Interestingly, Raji/CD169 cells efficiently transferred captured HIV/Lai-Bal virus particles to CD4^+^ T cells in a GSL dependent manner ([Figure 6F](#ppat-1003291-g006){ref-type="fig"}). These results suggest that expression of CD169 alone defines the ability of DCs to capture and transfer HIV-1 particles.

![Exogenous expression of CD169 rescues GSL-dependent HIV-1 capture and trans infection.\
A. CD169 expression on Raji and Raji/CD169 cells was determined by FACS. Shaded histogram represents staining with isotype control. Capture of HIV Gag-eGFP VLP (B) or HIV/Lai and HIV/LaiΔenv (C) by Raji and Raji/CD169 cells was determined by FACS and p24^gag^ ELISA, respectively. Capture of HEK293T-derived (D) or PBMC-derived (E) HIV/Lai-Bal (±PDMP) by Raji and Raji/CD169 cells was determined by measuring cell-associated p24^gag^. F. Raji or Raji/CD169-mediated trans infection of HIV/Lai-Bal-luc (±PDMP) was determined by measuring luciferase activity in Raji/T cell co-cultures 2 days post-infection. Data reported is from one experiment performed in triplicate (mean ± SD) and is representative of 5 independent experiments.](ppat.1003291.g006){#ppat-1003291-g006}

α2,3-Sialic Acid Recognition Is Essential for CD169-Mediated HIV Capture and Trans Infection {#s2f}
--------------------------------------------------------------------------------------------

Our previous studies had demonstrated binding of GM3 and GM1 (terminal α2,3 sialic acid residue containing GSLs) liposomes by mature DCs [@ppat.1003291-Puryear1]. In additional support of a role for CD169 as the primary attachment factor on DCs responsible for α2,3 sialylated GSL recognition, Raji/CD169 cells preferentially bound GM3 or GM1 containing liposomes, over that observed with parental Raji cells ([Figure 7A](#ppat-1003291-g007){ref-type="fig"}), while no enhancement in liposome binding was observed with Raji/CD169 cells compared to Raji cells upon challenge with liposomes containing either GalCer or GQ1b (terminal α2,8 sialic acid residues) ([Figure 7A](#ppat-1003291-g007){ref-type="fig"}). Furthermore, Env-deficient HIV-1 capture by Raji/CD169 cells was competitively inhibited by GM3-containing liposomes ([Figure 7B](#ppat-1003291-g007){ref-type="fig"}), similar to previous findings with mature DCs [@ppat.1003291-Puryear1].

![Recognition of α-2,3 sialylated GSL, GM3, by CD169 is essential for HIV-1 capture and trans infection.\
A. Capture of fluorescent liposomes by Raji and Raji/CD169 cells was determined by FACS, and is reported as the change in MFI upon challenge with phospholipid-liposome over blank liposomes and is the average MFI ± SD. B. Competitive inhibition of virus capture by Raji/CD169 cells by blank or 1% GM3 containing liposomes was determined by measuring cell-associated p24^gag^. C. Expression of human CD169 and mutants in HEK293T cells determined by FACS. Shaded histogram represents staining with isotype control. Capture of HIV/Lai-iGFP (D) and transfer of Lai-Balenv/luc+ (E) by HEK293T cells expressing wildtype-CD169 or mutants (R96A or R116A) were determined by FACS analysis (for %GFP+ cells) and luciferase activity in co-cultures (HEK293T/CD4+ T cells), respectively. The data shown is from one experiment, performed in triplicate (mean ± SD), and is representative of 3 independent experiments.](ppat.1003291.g007){#ppat-1003291-g007}

The extracellular region of CD169, like other members of the Siglec family, consists of a single V-set immunoglobulin (Ig)-like domain that contains the sialic acid binding motif [@ppat.1003291-Crocker1], [@ppat.1003291-Vinson1]. We mutated the critical Arg residue in the extracellular N-terminal V-set domain (R116A) shown previously to be essential for sialic acid binding by Siglecs [@ppat.1003291-Hartnell1], [@ppat.1003291-Vinson1], and a control Arg residue (R96A), not predicted to be required for sialic acid recognition. Induced expression of CD169 in HEK293T cells ([Figure 7C](#ppat-1003291-g007){ref-type="fig"} and Supplementary [Figure S8A](#ppat.1003291.s008){ref-type="supplementary-material"}) rescued VLP (Supplementary [Figure S8B](#ppat.1003291.s008){ref-type="supplementary-material"}) and infectious virus capture ([Figure 7D](#ppat-1003291-g007){ref-type="fig"}). Though total and cell surface expression of both mutants (R96A and R116A) was equivalent to that of wild type CD169 in transiently transfected HEK293T cells (Supplementary [Figure S8A](#ppat.1003291.s008){ref-type="supplementary-material"} and [Figure 7C](#ppat-1003291-g007){ref-type="fig"}), there was a complete loss of VLP (Supplementary [Figure S8B](#ppat.1003291.s008){ref-type="supplementary-material"}) and infectious HIV-1 capture ([Figure 7D](#ppat-1003291-g007){ref-type="fig"}) and transfer ([Figure 7E](#ppat-1003291-g007){ref-type="fig"}) by only the sialic acid binding deficient CD169/R116A mutant.

Conservation of GSL-dependent Retroviral Capture Function by Human and Murine CD169 {#s2g}
-----------------------------------------------------------------------------------

Siglec1 or CD169 is extremely well-conserved amongst various mammalian species, with the highest similarity observed in the N-terminal extracellular domain [@ppat.1003291-Crocker1]. In particular, amino acids in the V-set Ig-like domain essential for sialic acid recognition are identical between human and mouse CD169 proteins [@ppat.1003291-Hartnell1]. Interestingly, similar to HIV-1 particles, GM3 is also enriched in the lipid bilayer of the simple retrovirus, murine leukemia virus (MLV) [@ppat.1003291-Chan1]. Furthermore, capture of HIV-1 particles by mature DCs can be competitively inhibited by ecotropic-MLV particles [@ppat.1003291-IzquierdoUseros1]. Since animal models can prove invaluable for the study of CD169 function in vivo, we wanted to determine if murine CD169 could also function as a retroviral attachment factor that can mediate GM3-dependent virus capture and transfer. Transient expression of murine CD169 in HEK293T cells resulted in high cell surface expression ([Figure 8A](#ppat-1003291-g008){ref-type="fig"}) and robust HIV Gag-eGFP ([Figure 8B](#ppat-1003291-g008){ref-type="fig"}) and MLV Gag-YFP VLP capture ([Figure 8C](#ppat-1003291-g008){ref-type="fig"}). To determine if capture of MLV Gag-YFP VLPs was also dependent on GSLs, GSL-depleted MLV Gag-YFP VLPs were produced from PDMP-treated HEK293T cells (Supplementary [Figure S9A and B](#ppat.1003291.s009){ref-type="supplementary-material"}). Interestingly, capture of retroviral VLPs by murine CD169 was also dependent on presence of GSLs in the virus particle membranes ([Figure 8B and C](#ppat-1003291-g008){ref-type="fig"}). Furthermore, mature DCs ([Figure 8D](#ppat-1003291-g008){ref-type="fig"}) and Raji/CD169 cells (Supplementary [Figure S9D](#ppat.1003291.s009){ref-type="supplementary-material"}) could also capture MLV Gag-YFP VLPs in a GSL and human CD169-dependent manner.

![Retroviral capture and transfer function is conserved between human and mouse CD169.\
A. Expression of murine CD169 on HEK293T cells determined by FACS. Capture of untreated (NT) or GSL-depleted HIV Gag-eGFP VLPs (B) or MLV Gag-YFP VLPs (C) by mock transfected or murine CD169 expressing HEK293T cells was determined by FACS. D. Capture of untreated (NT), or GSL-depleted (PDMP) MLV Gag-YFP VLPs, or capture of MLV Gag-YFP VLPs, in the presence of α-CD169 nAb by mDCs was determined by FACS. E. HEK293T/murine CD169 mediated trans infection of Lai-Balenv/luc^+^ to CD4+ T cells (E), or transfer of MLV-E/luc to Rat-2 cells (F) was determined by measuring luciferase activity in HEK293T/CD4^+^ T cell and HEK293T/Rat-2 co-cultures, respectively, 2 days post-infection. G. Transfer of MLV-E/luc by mDCs in the presence or absence of α-CD169 nAb was determined by measuring luciferase activity in mDC/Rat-2 cell co-cultures 2 days post-infection. The data shown is from one experiment, performed in triplicate (mean ± SD), and is representative of 2 independent experiments.](ppat.1003291.g008){#ppat-1003291-g008}

We next determined if both human and murine CD169 could transfer captured HIV-1 particles to CD4^+^ T cells and MLV particles to murine cells, a mechanism of retroviral trans infection. HEK293T cells transiently transfected with human or murine CD169 were exposed to single cycle of replication competent luciferase expressing HIV-1/Lai-Bal or ecotropic-MLV (MLV-E) particles, washed and then co-cultured with human CD4^+^ T cells or MLV-E susceptible Rat-2 cells. Interestingly, we observed robust transfer of HIV-1 particles to CD4^+^ T cells ([Figure 8E](#ppat-1003291-g008){ref-type="fig"}) and transfer of ecotropic MLV particles to Rat-2 cells ([Figure 8F](#ppat-1003291-g008){ref-type="fig"}) by murine CD169. Finally, mDCs also transferred MLV-E particles to Rat-2 cells and this transfer mechanism was dramatically decreased if capture of MLV-E particles by mDCs was carried out in the presence of anti-CD169 blocking antibody prior to initiation of co-cultures ([Figure 8G](#ppat-1003291-g008){ref-type="fig"}). Collectively, these results suggest that recognition of α2,3 sialylated GSL, GM3, on retroviral particles by CD169 is essential for access to DC-mediated retrovirus trans infection pathway.

Discussion {#s3}
==========

The results presented in this report define a novel mechanism of type I IFN-dependent enhancement of HIV-1 capture by DCs and subsequent access to the DC-mediated trans infection pathway. Maturation of DCs with TLR ligands that induce TRIF-dependent type I IFN-signaling pathway, differentiation of monocytes to DCs in the presence of IFNα, or exposure of blood myeloid DCs to IFNα, resulted in enhanced expression of a HIV-1 attachment factor, CD169, that facilitated explosive virus replication in DC -- CD4^+^ T cell co-cultures. In agreement with our findings, Izquierdo-Useros, et al, also reported (while our manuscript was under review) that Env-independent, ganglioside-dependent capture of HIV-1 particles by LPS-matured DCs required CD169 expression [@ppat.1003291-IzquierdoUseros4].

These findings are in direct contrast to a long-standing hypothesis in the literature that has suggested an absolute requirement for DC-SIGN in mediating DC-mediated HIV-1 trans infection [@ppat.1003291-Geijtenbeek1]. While exogenous expression of DC-SIGN in B cell lines does result in robust HIV-1 trans infection [@ppat.1003291-Geijtenbeek1], [@ppat.1003291-Wu2], whether DC-SIGN is the HIV trans infection factor in DCs has been a matter of considerable debate [@ppat.1003291-Boggiano1], [@ppat.1003291-GranelliPiperno1], [@ppat.1003291-Gummuluru1], [@ppat.1003291-Hatch1], [@ppat.1003291-IzquierdoUseros3]. Immature DCs express high levels of DC-SIGN ([Figure 1C](#ppat-1003291-g001){ref-type="fig"}), but most of the particles captured by immature DCs have previously been reported to be endocytosed rapidly and degraded [@ppat.1003291-Turville3], [@ppat.1003291-Burleigh1], and targeted towards antigen presentation pathways in a DC-SIGN dependent manner [@ppat.1003291-Moris1], [@ppat.1003291-Moris2]. The results in this study also failed to confirm a significant role for DC-SIGN in immature DC-mediated HIV-1 trans infection ([Figure 2G](#ppat-1003291-g002){ref-type="fig"}), in agreement with previously published studies that have observed at best a two-fold attenuation in immature DC mediated virus capture and trans infection upon virus exposure in the presence of anti-DC-SIGN neutralizing antibodies [@ppat.1003291-GranelliPiperno1], [@ppat.1003291-Gummuluru1], [@ppat.1003291-Arrighi1], [@ppat.1003291-Gummuluru2], [@ppat.1003291-Wu3]. In contrast, knock-down of DC-SIGN expression nor blocking DC-SIGN function with neutralizing antibodies in mature DCs had no impact on virus capture ([Figure 2](#ppat-1003291-g002){ref-type="fig"}). Furthermore, maturation of DCs with LPS resulted in downregulation of DC-SIGN ([Figure 1](#ppat-1003291-g001){ref-type="fig"}), but an upregulation of CD169 and a significant enhancement in maturation-dependent HIV-1 capture and trans infection. It is possible that localization of DC-SIGN itself at the immature DC -- T cell immunological synapse [@ppat.1003291-Arrighi1] for generation of stable synaptic junctions is necessary for optimal immature DC, but not mature DC-mediated HIV-1 trans infection. While CD169 is essential for HIV-1 capture by mature DCs, whether CD169 is also necessary for the formation of stable mature DC -- T cell synaptic junctions remains to be determined.

In contrast to trans infection, DC-SIGN has also been thought to enhance productive infection of DCs [@ppat.1003291-Burleigh1], [@ppat.1003291-Lee1], [@ppat.1003291-Nobile1], [@ppat.1003291-Wang2]. Indeed, DC-SIGN dependent recognition of HIV gp120 might concentrate HIV-1 particles on the DC surface such that the probability of virus interaction with CD4 and CCR5 and productive infection in cis is enhanced [@ppat.1003291-Lee1], [@ppat.1003291-Hijazi1], though the potential benefit to HIV-1 replication is questionable. In addition to the observation that HIV-1 fusion to DCs dramatically declines upon maturation [@ppat.1003291-Cavrois1], intracellular environment of DCs is antagonistic to productive virus replication, presumably because of presence of SAMHD1 and other yet-to-be defined IFN-induced myeloid cell-specific anti-viral factors [@ppat.1003291-Hrecka1], [@ppat.1003291-Laguette1], [@ppat.1003291-Manel1], [@ppat.1003291-Wilson1]. In contrast, HIV-1 interactions with CD169 target captured virus particles to the trans infection pathway that is amenable to robust virus replication. Thus, incorporation of sialylated GSLs in the virus particle membrane, we hypothesize, is a unique example of molecular mimicry by HIV-1 of "self" recognition pathways that aid virus dissemination and might be the HIV-1 evasion strategy from DC intrinsic virus restriction factors.

Unlike other members of the Siglec family, which mostly interact with sialylated ligands in cis, because of the extensive cell surface sialylation that masks interactions in trans [@ppat.1003291-Crocker1], CD169 is uniquely positioned to participate in both host-pathogen interactions and cell-to-cell interactions in trans, because of the 17 Ig-like domains that extends the receptor away from the cell surface [@ppat.1003291-Crocker1]. In addition to mediating binding and endocytic entry of *Trypanosome cruzi* [@ppat.1003291-Monteiro1], *Campylobacter jejuni* [@ppat.1003291-Klaas1] and porcine respiratory and reproductive syndrome virus, PRSSV [@ppat.1003291-Delputte1], [@ppat.1003291-Vanderheijden1], results presented in this report suggest that capture of the simple retrovirus, MLV, is also dependent on CD169 and is facilitated via surface exposed terminal α2-3 sialoglycoconjugates. Interestingly, the capture of HIV-1 by CD169 results in virus localization in non-lysosomal compartments ([Figure 3](#ppat-1003291-g003){ref-type="fig"} and Supplementary [Figure S4](#ppat.1003291.s004){ref-type="supplementary-material"}), nature of which still remain under debate [@ppat.1003291-McDonald1], [@ppat.1003291-Garcia1], [@ppat.1003291-IzquierdoUseros1], [@ppat.1003291-Yu1], [@ppat.1003291-Felts1], [@ppat.1003291-Cavrois2], [@ppat.1003291-Wiley1]. While no endocytic or signaling motifs have been defined in the cytoplasmic tail of CD169 [@ppat.1003291-Hartnell1], distinct pathogen localization upon CD169 ligation might reflect the requirement for co-factor(s) driving trafficking of diverse pathogens to unique intracellular compartments.

Although CD169 is extremely well conserved in various mammalian species (from mouse to human), the physiologically-relevant sialylated ligand involved in CD169-dependent cell-to-cell adhesion and the biological role of CD169 in mammalian cells are not well defined. The extensive similarity between the murine and human CD169 proteins, especially in the extracellular domain, and our findings on MLV and HIV-1 interactions with human and murine CD169 ([Figure 8](#ppat-1003291-g008){ref-type="fig"}), suggest that GSL-dependent capture of retrovirus particles is conserved across species. Furthermore, similar to the mechanism of HIV-1 trans infection, captured MLV particles were transferred to virus-susceptible cells in a CD169-dependent manner. While mouse myeloid DCs have previously been shown to capture and transfer HIV-1 particles to human CD4^+^ T cells [@ppat.1003291-Cameron1], the virus attachment factor on murine myeloid DCs that mediates retroviral infection in trans has not been defined. Whether murine CD169 fulfills this function on murine myeloid DCs and whether CD169^+^ DCs can mediate dissemination of MLV in vivo remains to be determined. Interestingly, expression of murine CD169 has been reported predominantly on subsets of tissue resident and inflammatory macrophages lining the subcapsular sinus in peripheral lymph nodes and the spleen [@ppat.1003291-Crocker1], with isolated descriptions of CD169 expression on migratory DCs in B cell follicles [@ppat.1003291-Berney1]. Thus, examination of the role of CD169 in MLV infection in vivo might provide valuable insights into the mechanisms of retroviral parasitization of antigen acquisition, antigen presentation and T cell stimulation functions of macrophages and DCs.

Human CD169 has a much broader expression pattern as it has been detected systematically on myeloid-derived cells. In addition to human DCs (described in this report, and [@ppat.1003291-Kirchberger1], [@ppat.1003291-IzquierdoUseros4], [@ppat.1003291-Kwan1]), monocyte-derived macrophages (MDMs) [@ppat.1003291-Zou1] and IFNα-exposed monocytes were also reported to express CD169 [@ppat.1003291-Rempel1]. In contrast to our findings, CD169 on MDMs and IFNα-exposed monocytes was reported to bind soluble sialylated HIV-1 gp120 [@ppat.1003291-Zou1]. While theoretically possible, the limited number of Env trimers on virus particle surface [@ppat.1003291-Zhu1] might preclude high efficiency interaction with CD169, considering that the binding affinity of Siglecs, including CD169, for their ligands is estimated to be in the micromolar (Kd) range. Interestingly, avidity of Siglec binding to ligands can be greatly enhanced upon challenge with geometrically arrayed, multivalent ligands [@ppat.1003291-OReilly1], such as those when presented on virus capsid surface. Thus, in contrast to virus particle-associated Env, the high valency [@ppat.1003291-Chan1], [@ppat.1003291-Puryear1] and, presumably, unique spacing of GM3 molecules on the surface of HIV-1 particles, might provide a multivalent scaffold for high efficiency binding to CD169^+^ DCs. We propose that there is a hierarchical order to ligand choice by DC-associated CD169 with virus capsid-associated GM3 providing the primary interaction interface, and that cell-intrinsic variability in surface localization and expression level of CD169 between DCs and macrophages might account for putative cell-type differences in HIV-1 particle-associated ligand specificity for CD169. While CD169 expression on macrophages can enhance productive infection by HIV-1 [@ppat.1003291-Zou1], whether CD169^+^ macrophages can also capture and trans infect HIV-1 in a GM3-dependent manner remains to be determined.

A cardinal feature of HIV-1 infections in vivo is high level of chronic immune activation, even observed in individuals on highly active antiretroviral therapy. Many factors have been attributed to cause HIV-associated immune activation including virus infection as well as translocation of microbial products from the intestinal lumen to the systemic circulation, and the release of high levels of pro-inflammatory cytokines, such as IL-6, TNFα and type I IFN [@ppat.1003291-Sandler1]. Recent studies with the SIV -- macaque model systems have demonstrated that intravaginal application of SIV~mac~ results in recruitment of plasmacytoid dendritic cells (pDCs) to the vaginal mucosa that upon detection of virus produce chemokines and type I IFN [@ppat.1003291-Li1]. Furthermore, rapid and transient elevations in systemic IFNα have also been observed in acute HIV-1 infection [@ppat.1003291-Stacey1]. While HIV-1 replication can be potently inhibited by type I IFNs at different steps of the viral life cycle in vitro [@ppat.1003291-Pitha1], paradoxically, high tissue and plasma levels of IFNα as a consequence of overactive innate immune responses have been shown to correlate with rapid disease progression [@ppat.1003291-Sandler1]. Intriguingly, exposure of HIV-1 infected cells to immune activation stimuli can result in increased incorporation of GM3 within HIV-1 particles derived from these cells [@ppat.1003291-Puryear1]. Furthermore, recruitment of monocytes and myeloid DCs to peripheral tissues and subsequent IFNα-dependent differentiation and induction of CD169 on DCs might result in enhanced GM3-dependent virus interaction with CD169^+^ DCs, and access to DC-mediated trans infection pathway. Thus, utilization of the GM3 -- CD169 axis of recognition is a subversion mechanism by which HIV utilizes DC functions to promote its replication.

Materials and Methods {#s4}
=====================

Ethics Statement {#s4a}
----------------

This research has been determined to be exempt by the Institutional Review Board of the Boston University Medical Center since it does not meet the definition of human subjects research, since all human samples were collected in an anonymous fashion and no identifiable private information was collected.

CD169 Cloning and Expression {#s4b}
----------------------------

Human CD169 was amplified from total RNA derived from IFN-α stimulated THP1 cells by overlap RT-PCR using the following primer sets: CD169 sense (TGTTAACATATGGCACAAGAACCTGCTATGG), CD169 internal-antisense (GCCTCAGTCAGGATGCGGCAGGCGTAAAGGGCAGCATCAGTT), CD169 internal-sense (AACTGATGCTGCCCTTTACGCCTGCCGCATCCTGACTGAGGC) and CD169 antisense (AGATATCTAGACAACACCACTGGTCAGCC) using Superscript III RT-PCR first strand synthesis kit (Invitrogen) and Phusion High Fidelity PCR (NEB). Mouse CD169 was amplified from total RNA derived from RAW264.7 mouse macrophage cell line by overlap RT-PCR using the following primer sets: muCD169 sense (ATAAGAATGCGGCCGCATGCACCTGGGCAC), muCD169 internal-antisense (AGCTCCGTTCAGGTACCAGGAGAAG), muCD169 internal-sense (AGCTCCTGACACTCGCTTCTCC) and muCD169 antisense (CGTCTAGACAGAGAGCAGCAACCACTTCC). Overlapping CD169 PCR fragments were first cloned into the pSC-B blunt cloning vector (Agilent Technologies) and then subsequently into the lentivector, pHIV-dTomato (Addgene) using EcoRI and XbaI restriction enzymes for human CD169 and NotI and XbaI restriction enzymes for mouse CD169 (pCD169-IRES-dTomato). Human CD169 was also cloned into a retroviral expression vector, LNCX (LNC-CD169). Point mutations in human CD169 orf, R116A (Arg→Ala) and R96A (Arg→Ala) were introduced by site-directed mutagenesis (Quikchange; Agilent Technologies). All clones were verified by sequencing. Stable expression of CD169 in Raji B cell line was accomplished by transduction either with VSV-G pseudotyped pCD169-IRES-dTomato lentivector and cell sorting for dTomato expression, or LNC-CD169 retroviral vector followed by G418 selection. CD169 was transiently expressed in HEK293T cells by calcium phosphate-mediated transfection, and protein expression confirmed by western blot analysis and/or FACS.

Cells {#s4c}
-----

Human cell lines, HEK293T, Raji and TZM-Bl, have been described before [@ppat.1003291-Gummuluru1], [@ppat.1003291-Hatch1], [@ppat.1003291-Puryear1], [@ppat.1003291-Wu2]. Rat-2, a rat fibroblast cell line, was obtained from ATCC. PBMC, isolated from leukupaks of healthy donors, were activated with 2% phytohemagglutinin (PHA) (Invitrogen) and 50 U/ml rhIL-2 (Roche, NIAID ARRRP) in RPMI/10%FBS. Primary monocyte derived DCs were differentiated from CD14^+^ peripheral blood monocytes, as described previously [@ppat.1003291-Hatch1]. Immature DCs were matured by incubation with either LPS (100 ng/ml), poly(I:C) (25 µg/ml), or Pam~3~CysK~4~ (100 ng/ml) for 2 days. Alternatively, DCs were matured by addition of cytokines, IFNα (1000 U/ml) or TNFα (10 ng/ml) for 48 h. To generate IFN-DCs, CD14^+^ monocytes were cultured in the presence of GM-CSF (1,400 U/ml) and IFNα (1000 U/ml) for 3 days [@ppat.1003291-Santini1]. Autologous activated CD4^+^ T cells were derived as described previously [@ppat.1003291-Puryear1]. Blood myeloid DCs were positively isolated from PBMCs using BDCA-1 conjugated magnetic beads (Miltenyi) and cultured in RPMI/10%FBS containing 20 U/ml GM-CSF or stimulated with 1000 U/ml IFNα for 48 h prior to use. The following antibodies (all from Becton Dickinson) were used for DC immunophenotyping analysis: PE-conjugated CD14, CD11c, HLA-DR, CD83, CD4, and CCR5; and FITC-conjugated α-CD86 and α-DC-SIGN; Alexa488- or Alex647-conjugated α-CD169 (AbD Serotec), and isotype controls. FACS analysis was performed as described before [@ppat.1003291-Puryear1].

Virus and VLPs {#s4d}
--------------

CXCR4-tropic HIV/Lai, CCR5-tropic HIV/Lai-Bal and luciferase expressing HIV/Lai-Bal-luc provirus clones have been described previously [@ppat.1003291-Sagar1]. To generate HIV/Lai-iGFP and HIV/Lai-iGFPΔenv molecular clones the eGFP fragment flanked by HIV-1 protease cleavage sites from HIV/NL43-iGFP (gift of Dr. Benjamin Chen, Mt Sinai School of Medicine) was exchanged into HIV/Lai. HIV Gag-eGFP and HIV Gag-mCherry expression plasmids that express codon-optimized Gag-eGFP and Gag-mCherry fusion proteins have been described previously [@ppat.1003291-IzquierdoUseros1]. MLV Gag-YFP expression plasmid has been described previously [@ppat.1003291-Sherer1]. HIV Gag-eGFP and MLV Gag-YFP VLPs and infectious viruses were either derived via calcium phosphate mediated transfection of HEK293T cells, as described previously [@ppat.1003291-Puryear1]. Luciferase expressing, single cycle of replication competent MLV particles (MLV-E/luc) were derived via co-transfection of HEK293T cells with LNC-luc (luciferase expressing retroviral expression vector) and pCL-Eco (MLV packaging vector that expresses MLV Gag, Pol and ecotropic Env glycoproteins; Imgenex) plasmids. To derive GSL depleted virus particles, HEK293T cells were pre-treated with 10 µM PDMP (Calbiochem) for 24 h prior to transfection, and cells were maintained in the presence of PDMP (10 µM) during the course of transfection [@ppat.1003291-Hatch1]. To produce PBMC-derived viruses, cells were infected with VSV-G double Env pseudotyped HIV/Lai-Bal virus particles in the presence or absence of PDMP (10 µM; cells pre-treated for 2 days), and the drug concentration was maintained for the duration of the infection. Cell-free supernatants were harvested 3 and 6 days post infection and stored at −80°C until further use. To determine the infectious titer of the PBMC and HEK293T cell derived viruses, 10^4^ TZM-Bl cells were infected with limiting dilutions of virus stocks. Cells were lysed 48 h post infection, and cell lysates were analyzed for luciferase activity using a commercially available kit (Promega).

GSL and Env Content of Virus Particles {#s4e}
--------------------------------------

Production and quantification of HIV Gag-eGFP or MLV Gag-YFP particles from transiently transfected HEK293T cells in the presence or absence of PDMP was confirmed by quantitative LICOR-western blot analysis using goat α-GFP polyclonal antibody. To quantify virus particle incorporation of GSLs, virus particles (100 ng Gag-eGFP or MLV Gag-YFP) derived from untreated or PDMP-treated HEK293T cells were incubated with 2 µg cholera toxin subunit B (CtxB)-biotin (Sigma), coupled to 25 µl streptavidin coated 2.8 µM dynabeads (Invitrogen) in 1% casein/PBS (Pierce) at RT for 1 h with rotation, washed twice with 0.1% casein/PBS and beads-associated virions lysed with SDS-sample buffer. The amount of immunoprecipitated Gag-eGFP or MLV Gag-YFP was determined using quantitative western blot analysis with recombinant GFP (Roche) as standards. Membranes were probed with goat α-GFP (Novus Biologicals) followed by donkey α-goat-IgG-IRDye 800CW (Li-Cor, Lincoln, Nebraska). To measure GM3 incorporation in HIV/Lai-Bal virus particles, virions were stained with α-GM3 mAb [@ppat.1003291-Dohi1] and Alexa594-conjugated goat α-mouse IgG (Invitrogen). Quantification of GM3 staining in virus particles derived from untreated or PDMP (10 µM)-treated virus producer cells was determined, as described previously [@ppat.1003291-Puryear1]. The p24^gag^ content and gp120 incorporation in HIV-1 particles derived from HEK293T or PBMC was determined using mouse α-gag mAb (Clone p24-2, NIH AIDS Research and Reference Reagent Program, contributed by Dr. Michael Malim) and rabbit α-gp120 polyclonal antibody (gift of Dr. Nancy Haigwood) and staining visualized by goat α-mouse-IRDye 680CW or goat α-rabbit-IRDye 800CW (Licor), respectively. Membranes were imaged with an Odyssey scanner (Licor) and the amount of gp120 or p24^gag^ or Gag-eGFP in the samples was quantified using recombinant HIV-1 Bal gp120 (ARRRP) or HIV-1 IIIB p24 (ABL, Rockville, MD) as standards, respectively.

Lentivector-shRNA Production and DC Transductions {#s4f}
-------------------------------------------------

Lentivirus particles expressing CD169, DC-SIGN or scrambled shRNAs were produced via transient transfections of HEK293T cells with lentiviral vectors (Pierce, Rockford IL) and packaging plasmids psPAX2 and pMD2G (Addgene). Immature DCs, 2 days post initiation of differentiation from CD14^+^ monocytes, were infected with lentiviral vectors by spin-inoculation in the presence of SIV Vpx containing VLPs, as described previously [@ppat.1003291-Puryear1]. Cells were washed with PBS 24 h post transduction and cultured for 48 h. DCs were stimulated with 100 ng/ml LPS and vector-transduced cells were selected with 2 µg/ml puromycin for 48 h prior to use. To assess expression of CD169 and DC-SIGN on shRN-transduced cells, membranes were probed with a mouse α-CD169 antibody (7D2, Novus Biologicals) and a mouse α-DC-SIGN antibody (DC28, NIH AIDS Research and Reference Reagent Program Catalog \#5443; contributed by Dr. R.W. Doms), respectively. As loading controls, either actin or HSP70 was detected using rabbit α-actin (SIGMA, St. Louis, MO) or mouse α-HSP70 (Stressgen, Victoria, BC) antibodies, respectively.

Virus Capture and Transfer Assays {#s4g}
---------------------------------

Infectious virus and HIV Gag-eGFP and MLV Gag-YFP VLP capture assays and HIV and MLV trans infection assays were performed as described previously [@ppat.1003291-Puryear1]. Briefly, cells (1×10^5^) were incubated with virus (20 ng p24^gag^ unless noted otherwise) or VLPs (2 ng p24^gag^) for 2 hr at 37°C in raw RPMI media. Cells were washed 3× with 1×PBS and analyzed for capture using either p24^gag^ ELISA or FACS analysis. Virus capture was quantified by ng/ml of p24^gag^ associated with cell lysates using a p24^gag^ ELISA that has been described previously [@ppat.1003291-Hatch1]. Capture of fluorescent VLPs was detected by FACSCalibur and quantified for percent positive cells. For transfer assays, cells (1×10^5^) were incubated with virus particles at 37°C for 2 hr, washed 3× with 1×PBS and co-cultured with CD4^+^ T cells (for HIV-1 transfer) or Rat-2 cells (for MLV transfer) at a 1∶1 cell ratio in complete RPMI media. To competitively inhibit virus binding, DCs (1.0×10^5^ cells) were pre-incubated with 20 µg/ml final concentration of α-CD169 (7D2, Novus Biologicals, Littleton CO), α-DC-SIGN (14EG7, NIH AIDS Research and Reference Reagent Program Catalog \#11423), murine IgG2b or IgG1 isotype controls (eBioscience) for 30 minutes at room temperature prior to virus exposure. To determine the effect of cell surface-associated sialic acid residues on VLP capture, mature DCs were treated with neuraminidase that efficiently cleaves α2-3, α2-6, and α2-8 sialic acids (NEB) for 1 h at 37°C prior to challenge with HIV Gag-eGFP VLPs, as described previously [@ppat.1003291-Puryear1]. Fluorescent unilamellar liposomes containing GSLs were produced as described previously [@ppat.1003291-Puryear1]. For liposome capture and virus inhibition assays, sodium azide-treated cells (10^5^ per well) were incubated with liposomes for 45 min at 37°C, and cells either fixed and processed for FACS analysis, or challenged with HIV/Lai-iGFPΔenv virus particles (20 ng p24^gag^) for 1 h at 37°C. Virus capture was determined by measuring cell-associated p24^gag^ by ELISA.

QFACS Analysis {#s4h}
--------------

To determine the number of CD169 and DC-SIGN molecules on DCs, antibody-binding sites (ABS) were quantified using a microbeads kit (Bangs Laboratories). Beads (10^5^) and cells were stained with saturating amounts of FITC-conjugated α-DC-SIGN or IgG2b isotype control (both from BD), or Alexa647-conjugated α-CD169 or IgG1 isotype control (both from AbD Serotec) for 30 minutes on ice. Stained populations were detected using a LSRII (BD), and the data analyzed using FlowJo software (Treestar). For analysis, auto-fluorescence signals from unstained samples were subtracted from GMFIs of stained samples, and ABS of CD169, DC-SIGN or isotype controls on DCs were calculated from standard curves generated from stained beads.

Co-localization Analysis {#s4i}
------------------------

To visualize virus localization, mature DCs (1.5×10^5^) were incubated with 10 ng Gag-mCherry VLPs or 500 ng of Lai-iGFP virus particles at 37°C for 10 minutes or 2 h. For conjugate analyses, DCs were incubated with virus particles for 1 h, washed and co-cultured for an additional 1 h with autologous CD4^+^ T cells (1∶1 DC∶T ratio) pre-labeled with 5 µM CMAC (CellTracker Blue, Invitrogen). Cells were fixed with 1% PFA, blocked with 20% NHS, and probed with Alexa-488 conjugated α-CD169 or stained with α-CD45, α-CD9, α-CD81, α-EEA-1, α-Lamp1 mAbs (all antibodies from BD) or isotype controls and detected with Alexa488-conjugated 2°Abs (Invitrogen). Confocal Z-stacks were captured with an Olympus DSU spinning disk at 60× and processed with ImageJ software. For visualization, images were deconvolved, background subtracted, and flattened for maximum intensity.

Statistical Analysis {#s4j}
--------------------

All virus capture and transfer values and FACS MFIs are expressed as means ± SD. Statistical significance was determined by Student\'s one-tailed *t* test, and significant P values (\<0.05) are indicated on the figures. To quantify co-localization analysis, single z-stack slices from 10 independent cells were assessed using Mander\'s coefficient and the average ratio of red (Gag-mCherry) associated with green (CD169/isotype control/CD45) +/− SD is reported.

Supporting Information {#s5}
======================

###### 

**GSL-dependent HIV-1 capture mechanism is protease sensitive and is specific to myeloid cells.** A. Gag-eGFP VLP capture assays were performed on mature DCs untreated (mock) or treated with 2 mg/ml pronase prior to HIV Gag-eGFP VLP exposure. B. HIV Gag-eGFP VLP capture by cells untreated (mock) or treated with IFNα (1000 U/ml) for 48 h prior to VLP exposure. Reported data in panels A and B are relative capture normalized to mock treated cells (from 4 independent experiments; mean +/−SD).

(TIF)

###### 

Click here for additional data file.

###### 

**Selective depletion of HIV-1 attachment factor expression in dendritic cells.** Immature DCs transduced with shRNAs expressing lentivectors targeting DC-SIGN, CD169, or scrambled sequence were stimulated with LPS (100 ng/ml) for 48 h and assayed for cell surface expression by FACS (A, B) or total cellular expression by western blot analysis (C, D) of CD169 (A, C) or DC-SIGN (B, D). Cell surface expression of CD169 (A) or DC-SIGN (B) is reported as relative MFI expression to that of cells transduced with lentivectors expressing scrambled shRNA, and is the average of three independent experiments (mean ± SD).

(TIF)

###### 

Click here for additional data file.

###### 

**CD169 is the sole SIGLEC family member responsible for HIV-1 capture by dendritic cells.** Mature DCs, left untreated or pre-treated with neuraminidase, were incubated with 1 µg of antibody directed against CD169 (Siglec-1), Siglec-7, or Siglec-9. Capture assays with HIV Gag-eGFP VLPs were performed in duplicate on mature DCs from two independent donors, and the average Gag-eGFP VLP capture +/− SD is reported.

(TIF)

###### 

Click here for additional data file.

###### 

**HIV-1 particles captured by mature DCs are co-localized with CD169.** (A) Co-localization of HIV/Lai-iGFP (green) with CD169 (red) on mature DC surface within 10 minutes of virus exposure, (B) and in peripheral polarized compartment upon 120 minutes of virus exposure. (C--G) Mature DCs incubated with Gag-mCherry VLP (red) for \<10 minutes were probed for cell surface (CD9) and endosomal markers (EEA1 and LAMP1). Staining of cellular markers was visualized by Alexa488-conjugated secondary antibodies (green); representative images are shown for staining with (C) CD9, (D) EEA1 and (E) LAMP1. Lack of co-localization between CD45 (green) and HIV Gag-mCherry VLP in mature DCs after 10 min (F) or 120 min (G) post virus exposure.

(TIF)

###### 

Click here for additional data file.

###### 

**Differential expression of CD169 and DC-SIGN on IFN-α and IL4 differentiated DCs.** Immunophenotypic characterization of IFN-DCs (GM-CSF + IFNα 3 days post initiation of differentiation) (A) and IL4-DCs (GM-CSF + IL-4, 3 days post-initiation of differentiation) (B) was determined by FACS analysis. The red histograms represent staining with the isotype control antibody and the blue histograms represent staining for antibodies to the specific cell surface markers.

(TIF)

###### 

Click here for additional data file.

###### 

**HIV Gag-eGFP VLPs produced from PDMP-treated HEK293T cells are depleted in GSLs.** The model depicts the simplified GSL biosynthesis pathway, and the enzymatic step (synthesis of glucosylceramide, catalyzed by the enzyme, glucosylceramide synthase) inhibited by the cationic lipid, PDMP (A). The amount of HIV Gag-eGFP VLPs produced from transient transfection of HEK293T cells in the presence or absence (NT) of PDMP (10 µM), is quantified by quantitative LICOR-western blot analysis (B) using a α-GFP polyclonal antibody. The relative incorporation of GSLs in VLPs derived from untreated (NT) or PDMP-treated HEK293T cells were determined by immunoprecipitation with biotin-conjugated CtxB and streptavidin-dynabeads. Quantification of the immunoprecipitated virus particles was enabled by quantitative western blot analysis using a α-GFP polyclonal antibody (C).

(TIF)

###### 

Click here for additional data file.

###### 

**Depletion of GSLs from HEK293T or PBMC-derived HIV-1 particles attenuates virus capture by IFN-DCs.** A. HIV-1 Env (gp120) and p24^gag^ content of HIV/Lai-Bal virus particles derived from HEK293T or PBMCs in the absence (NT) or presence of PDMP (10 µM), was determined by quantitative LICOR-western blot analysis using α-gp120 and α-p24^gag^ primary antibodies and IR680 and IR800-conjugated secondary antibodies, respectively. Virions (HIV/Lai-Bal) derived from untreated (B) or PDMP-treated (C) PBMCs were labeled for p24^gag^ (green) and GM3 (red). Representative fields are shown and the average mean fluorescence intensity of GM3 normalized to p24^gag^ ± SD is reported for HEK293T (D) and PBMC-derived (E) virus stocks. F. Infectivity of HIV/Lai-Bal derived from PBMCs in the absence (NT) or presence of PDMP (10 µM) was determined on TZM-bl reporter cells. G. Capture assays with IFN-DCs and IL4-DCs were performed with PBMC-derived HIV/Lai-Bal (±PDMP) and cell-associated p24^gag^ content determined by ELISA. Data reported is average of three independent experiments, +/− SD.

(TIF)

###### 

Click here for additional data file.

###### 

**Mutation of the sialic acid recognition motif in CD169 abrogates HIV-1 capture.** Expression of CD169 or mutants, R96A and R116A, in transiently transfected HEK293T cells was determined by western blot analysis (A). The percentage of CD169 (or mutant) positive cells capturing HIV Gag-eGFP VLPs was determined by FACS analysis (B). The data reported is the average of two independent experiments performed in triplicate (mean ± SD).

(TIF)

###### 

Click here for additional data file.

###### 

**Characterization of MLV Gag-YFP VLPs.** (A) The amount of MLV Gag-YFP VLPs produced from transient transfection of untreated (NT) or PDMP (10 µM) treated HEK293T cells was quantified by quantitative LICOR-western blot analysis using an α-GFP polyclonal antibody and IRDye 800CW-conjugated donkey α-goat-IgG secondary antibody (B) and α-MLV Gag monoclonal antibody. B. The relative incorporation of GSLs in MLV Gag-YFP VLPs derived from untreated (NT) or PDMP-treated HEK293T cells were determined by immunoprecipitation with biotin-conjugated CtxB and streptavidin-dynabeads. Quantification of the immunoprecipitated virus particles was enabled by quantitative western blot analysis using an anti-GFP polyclonal antibody. C. Capture of MLV Gag-YFP VLPs (±PDMP) by Raji (C) and Raji/CD169 cells (D) was determined by measuring the percentage of YFP positive cells by FACS. The data reported is representative of two independent experiments performed in duplicate.

(TIF)

###### 

Click here for additional data file.
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